Abstract This study evaluates the effects of red beet (RB) and betaine on rainbow trout submitted to an acute stress challenge. A control diet was compared with four experimental diets in which red beet (14 and 28%) and betaine (0.9 and 1.63%) were incorporated in different concentrations according to a factorial design. Cortisol in plasma and fin, glucose and lactate plasma levels, and malondialdehide (MDA) in muscle were all measured before the stress challenge and 30 min and 6 and 12 h after the stress challenge as parameters to determine the diet effects. RB and betaine had no effect on cortisol, glucose, and MDA basal levels. However, lactate basal levels were significantly lower on fish fed with RB and betaine. Thirty minutes after the stress challenge, there was a significant increase in plasma and fin cortisol, glucose and lactate concentrations, although fish fed with diets containing RB and betaine showed significantly higher plasma cortisol values. MDA values of fish fed with 14% RB and 0.9% betaine were significantly higher than MDA values from fish fed with 28% RB and 1.63% betaine. After 6 and 12 h, plasma and fin cortisol and lactate levels recovered in a similar trend. Glucose plasma levels recovered in almost all groups 12 h after the stress. Also, MDA values recovered basal levels after 6 and 12 h. RB and betaine did not enhance the tolerance to the stress challenge compared to the control group, although the presence of these ingredients had no negative effect on any of the stress indicators.
Introduction
Fish welfare is crucial for the farming industry not only for public perception, marketing, and product acceptance, but also in terms of efficiency, quality, and quantity (Øverli et al. 2006; Ashley 2007) . The welfare of farmed fish is influenced mainly by physical disturbances such as handling, weighing, crowding, grading, transport, temperature, and dissolved oxygen which cause fish stress (Barton and Iwama 1991; Chagas and Val 2006; Bertotto et al. 2010 Bertotto et al. , 2011 Madaro et al. 2015) . The primary stress response in fish involves the release of catecholamines and activation of the hypothalamic-pituitary-interenal (HPI) axis, and the synthesis and release of cortisol. Both catecholamines and cortisol cause an energy source mobilization, depletion of glycogen stores, and increase of glucose and lactate plasma levels (Ashley 2007; Zolderdo et al. 2016) . Therefore, the levels of glucose and lactate in plasma are often used alongside cortisol to assess stress level in animals (Rollo et al. 2006 , Ashley 2007 .
Due to those stressful factors, a decisive goal in aquaculture is to find different alternatives to manage stress. The development of novel methods to reduce stress responses and/or strengthen immunity is an important area of study, a good example being the use of nutrients and other compounds such as ascorbic acid in gilthead seabream (Ortuño et al. 2003) , in rainbow trout (Dabrowski et al. 2004) , or in fish tambaqui (Chagas and Val 2006) , vitamin E in gilthead seabream (Montero et al. 2001; Ortuño et al. 2003) , fatty acids in gilthead seabream (Van Anholt et al. 2004 ), β-glucans in rainbow trout (Jeney et al. 1997) or in yellow croaker (Zeng et al. 2016) , or betaine in Labeo rohita (Virtanen 1995; Kumar et al. 2012) . Over the last decade, there has been an increasing interest of the use of natural compounds present in fruits, vegetables, and herbs as antioxidants and functional nutrients (Ganessan et al. 2011) . Betaine is a natural compound that is widely found in animals, plants, and microorganisms and has been used as a dietary feed supplement in animal nutrition for more than 50 years due to its antioxidant and functional properties that protect against stressful factors (Kujala et al. 2002; Ganessan et al. 2011; Rabeh 2015) . However, what about the activity of these functional compounds when they are not isolated but present in the whole raw material of the diet? Does it have the same effect? Few studies have been found about this topic. Red beet (Beta vulgaris L.) is a rich source in natural betaine but also in other important nutrients such as magnesium, sodium, vitamin C, and betalains (PinedoGil et al. 2017b) . To the best of our knowledge, the use of red beet on aquaculture has been limited, possibly, due to their high fiber content that reduces fish digestibility (Hemre et al. 2002; Krogdahl et al. 2004; Tan et al. 2006; Enes et al. 2006; Wu et al. 2007; Cui et al. 2010) or due to a low palatability which would lead to a reduction of fish intake and growth, or due to probability of the presence of some antinutritional component such as tannins, oxalates, or phytates which can also promote growth inhibition (Francis et al. 2001; Pinedo-Gil et al. 2017) . However, Pinedo-Gil et al. (2017) showed a positive effect of red beet and betaine on quality parameters of rainbow trout. The main objectives of the study were to test, based on the antioxidant properties of betaine observed in other animals, the antioxidant ability as well as the potential stress-relieving properties of dietary administration of red beet and betaine in rainbow trout diet and the ability of these ingredients to control or reduce the stress.
Material and methods

Production system
The trial was conducted at the Aquaculture Research Centre of Segovia, Spain, in 10 cylindrical fiberglass tanks (500 L) within a freshwater recirculation system (RAS). During the experiment, water temperature remained constant at 15.04 ± 0.27°C (mean ± SD). The level of dissolved oxygen was 6.49 ± 0.37 mg L −1 (64% saturation). All tanks were equipped with aeration and an oxygen probe. Water pH was 7.91 ± 0.14, and ammonia and nitrite concentrations in water were 0.65 ± 0.40 and 0.43 ± 0.30 mg L . The photoperiod consisted on 12 h of light and 12 h of dark intervals and all tanks had identical light conditions. Fish, diets, and feeding A total of 400 rainbow trout from a commercial fish farm (Piscifactoría Cien Fuentes, 19420 Cifuentes, Guadalajara, Spain) were used. Fish were randomly allocated in 10 tanks, 40 fish per tank (initial stocking density 20.0 ± 0.1 kg m 3 , with and initial average weight of 250 ± 48.63 g). Prior to the feeding trial, all fish were acclimated to the indoor rearing conditions for 1 week, and fish were fed once a day (8:00) to apparent satiation exclusively using the control diet. The study lasted 45 days.
Five isoproteic and isolipidic diets were formulated using red beet and betaine as experimental ingredients. Two red beet concentrations (14 and 28%) and 2 betaine concentrations (0.9 and 1.63%) were introduced: control (0% red beet, 0% betaine), RB141 (14% red beet, 0.9% betaine), RB142 (14% red beet, 1.63% betaine), RB281 (28% red beet, 0.9% betaine), and RB282 (28% red beet and 1.63% betaine). The composition and proximate analysis of red beet diets are described in Pinedo-Gil et al. (2017) . Control diet was prepared using the same ingredients than experimental diets but without red beet and betaine in the formulation. It was not a commercial diet. The diet extrusion process is described in Pinedo-Gil et al. (2017a) . The experimental diets were administered in replicate (two groups). The fish were fed by hand twice a day (8:00 and 15:00), 6 days per week to apparent satiation level during the whole experimental period. The pellets were distributed slowly to allow all fish to eat.
Stress trial
The stress trial was carried out after the feeding experimental period (45 days) by submitting the fish to a decrease of water oxygen concentration from 6.34 to 4 mg L (approximately 15-20 min), fish were kept in these conditions for 10 min, and after this time, tanks were filled again with water and aerated. During the acute stress challenge (hypoxia and crowding), oxygen decreased to less than 2 mg L −1 (oxygen-saturated value below 19.8%). Before applying the stress, all fish were starved for 2 days.
Sampling
Samples were taken before the stress test (basal levels) and 30 min, 6 h, and 12 h after the stress. Fish were sacrificed with 300 mg L −1 MS222 (100% w/w; PHARMAQ®). Once fish were deeply anesthetized, they were blooded from the caudal vein with 1-mL syringers (BD Plastipak) and blood put in heparinized tubes on ice. When all the fish of every tank were bled (1.5-2 mL from each fish), the heads were removed and maintained in ice until all fish were blooded. Soon after collection, blood was centrifuged at 1200×g for 10 min at 4°C and plasma (500-750 μL) and transferred to 1 mL eppendorfs and frozen at − 80°C until analysis. Small portions of side muscle (about 1 × 1 × 1 cm from the caudal peduncle and without skin) and caudal fin (about 1 × 1 cm from the upper lobe) were collected and conserved at − 80°C until analysis. An equal number of fish from each tank was subjected to the same sampling procedure at each time of sampling (6 fish per tank, n = 6).
Cortisol analysis
Cortisol was measured in plasma and fin by a specific radioimmunoassay (RIA) as described by Bertotto et al. (2010) after extraction in diethyl ether. Briefly, a 96-well microtiter plate (Optiplate, Perkin Elmer Life Sciences, Waltham, MA, USA) was coated with anti-rabbit γ-globulin serum raised in goat, and the antiserum, diluted 1:1000 in 0.15 mM sodium acetate buffer, pH 9 at 4°C, was incubated overnight. The plate was washed twice with PBS and incubated again overnight at 4°C with the specific antiserum solution. It was then carefully washed with PBS, standards, quality controls, unknown extracts, and 3 H tracer were added, and the plate was reincubated overnight at 4°C. Finally, the plate was washed with PBS, added with 200 μL scintillation cocktail (Microscint 20, Perkin Elmer Life Sciences), and counted on a β-counter (Top-Count, Perkin Elmer Life Sciences).
The sensitivity of the assay was 3.125 pg well −1 and was defined as the dose of hormone at 90% binding (B/B 0 ). The anti-cortisol serum showed the following crossreactions: cortisol 100%, prednisolone 44.3%, 11-deoxycortisol 13.9%, cortisone 4.95%, corticosterone 3.5%, prednisone 2.7%, 17-hydroxyprogesterone 1.0%, 11-deoxycorticosterone 0.3%, dexamethasone 0.1%, progesterone < 0.01%, 17-hydroxypregnenolone < 0.01%, and pregnenolone < 0.01%.
Glucose and lactate
Glucose and lactate concentrations were determined only in plasma. They were measured by an enzymatic colorimetric assay, in particular by GOD-POD (SPINREACT® Ref. 1001191) and LOD-POD (SPINREACT® Ref. 1001330) method, respectively (Kaplan and Pesce 1984) . Briefly, aliquots (5 μL) from plasma samples were mixed with 500 μL of reactive and incubated for 10 min for glucose determination and 5 min for lactate determination at 37°C in dark. The absorbance was determined at 490 nm in a 96-well microplate reader (Bibby Scientific Limited, Jenway 7315, UK). Values were expressed as mg dL −1 .
Lipid peroxidation
Muscle was used to determine the amount of lipid peroxidation. One hundred milligrams of tissue was Fish Physiol Biochem (2018) 44:939-948 homogenized with Tris HCL 0.125 M pH 6.9 (500 μL), centrifuged at 13,000×g 4°C for 15 min, and supernatant used for the assays.
The amount of lipid peroxidation was determined in muscle by measuring thiobarbituric acid-reactive substances (TBARS) according to Yoshida et al. (2005) . Thiobarbituric acid reaction was carried out by mixing 0.2-mL sodium dodecyl sulfate solution (8.1% w/v), 1.5 mL acetic acid buffer (20% v/v, pH 3.5), 1.5 mL thiobarbituric acid (TBA 1% v/v), 0.775 mL water, and 0.05 mL ethanol containing butylated hydroxytoluene (0.8 wt% w/v) with 25 μL of supernatant. The reaction mixture was incubated at 100°C during 60 min and then cooled in ice followed by vigorous mixing with 1 mL water and 5 mL of nbutyl alcohol and pyridine (15/1, by volume). Afterwards, the mixture was centrifuged at 1400×g at 0°C for 10 min, and the supernatant was measured spectrophotometrically at 535 nm. Tetramethosypropane was used as standard to estimate TBARS formation as nmoles of malondialdehyde (MDA) equivalents per g of tissue.
Statistical analyses
All statistical analyses were carried out using software SAS (SAS version 9, SAS Institute Inc., Cary, North Carolina, USA). Data were analyzed by ANOVA using the PROC MIXED with dietary treatment and time after stress as variable factors and the tank as random effect. The probability of the linear, cubic, and quadratic components of variance was calculated by contrast statement to test differences according to sampling time after stress. The contrast statements were used to test differences between diets containing 14 and 28% of red beet and 0.9 and 1.63% betaine corresponding to the different experimental treatments. Differences among means with P < 0.05 were accepted as representing statistically significant differences.
Ethical statement
The rainbow trout Oncorhynchus mykiss (Walbaum) study complied with both European Union Council Directive 2010/63/UE, which lays down minimum standards for the protection of animals, and Spanish national legislation (Spanish Royal Decree 53/2013) protecting animals used in experimentation and for other scientific purposes and approved by Animal Ethics Committee of Agro-Technological Institute of Castilla y León (Spain).
Fish in the tanks were checked on a daily basis. At the end of the trials, fish were weighed individually and their health status was assessed by observation, after sedation with MS222 dissolved in water (MS222®; 200 mg L −1 ) to minimize animal suffering. Animals were euthanized by excess of MS222 (300 mg L −1 ) and then dissected.
Results
Cortisol
Before stress (basal levels), plasma cortisol levels were low without significant differences among the experimental diet groups (Fig. 1a) . Basal levels range from 3.32 to 6.69 ng mL −1 . Thirty minutes after the stress, plasma cortisol levels significantly increased (P < 0. ). After 6 and 12 h from stress, plasma cortisol levels significantly decreased (P < 0.05) in all groups returning to basal values, except in fish fed with diet RB281 (28% red beet and 0.9% betaine) where cortisol plasma levels remained higher (36.51 ng mL −1 ) than basal values (6.00 ng mL −1 ; P < 0.05) only at 12 h. Some uncontrolled stress probably occurred after 6 h as the basal levels were recovered after 6 h.
The effect of red beet and betaine on fin cortisol levels of rainbow trout after acute stress challenge and subsequent recovery is shown in Fig. 1b . Results showed that different red beet and betaine concentrations had no effect on fin cortisol levels during the stress experimental trial. Fin cortisol levels were low before the stress (basal levels) showing values ranging from 1.48 to 2.44 ng mg −1 . As occurred in cortisol plasma levels, 30 min after the stress, fin cortisol concentration significantly increased (P < 0.05) in all experimental groups, although the increase was only 7 times higher than basal values. Also, fish groups fed with red beet and betaine recovered overtime without significant differences with the control, although final values were higher than the levels before stress.
Plasma glucose and lactate
Results of plasma glucose levels are shown in Fig. 2a . Basal levels range from 45.08 to 57.72 mg dL −1 and were not affected by the diet. After acute stress challenge (+ 30 min), there was a significant increase (P < 0.05) of glucose reaching values 1.5 times higher than basal values. The recovery overtime (6 and 12 h after the stress) did not follow the same pattern for every experimental group, and fish fed diet RB141 did not recover basal levels after 12 h. Figure 2b shows that basal plasma lactate levels were significantly affected (P < 0.05) by the diet. Control group showed the highest lactate level (39.43 mg dL Fig. 1 Effect of red beet and betaine on plasma cortisol (a) and fin cortisol (b) content of rainbow trout before the acute stress challenge (basal), 30 min after stress and 6 and 12 h after stress. Data were expressed as least-square means ± SEM, n = 12. Different capital letters above the bars indicate significant differences (p < 0.05) at different time points of the same group and different small letters above the bars indicate significant differences (p < 0.05) between different experimental diets in the same time point. CONTROL (0% red beet, 0% betaine), RB141 (14% red beet, 0.9% betaine), RB142 (14% red beet, 1.63% betaine), RB281 (28% red beet, 0.9% betaine), and RB282 (28% red beet, 1.63% betaine) are the different experimental diets Fish Physiol Biochem (2018) 44:939-948 and the lowest was observed in those fish fed with the diets with 0.9% betaine (diets RB141 and RB281, 23.57 and 21.42 mg dL
, respectively). Thirty minutes after the acute stress challenge, a significant increase (P < 0.05) of lactate in all groups was observed, except for the control group. The diet had a significant effect, the least effected being fish fed with diet RB281, while lactate values were significantly lower in fish fed with the control diet than fish fed with diets at higher betaine concentration. After 6 and 12 h of recovery, fish of all groups recovered basal lactate levels. Fig. 2 Effect of red beet and betaine on plasma glucose (a) and lactate (b) content of rainbow trout before the acute stress challenge (basal), 30 min after stress and 6 and 12 h after stress. Data were expressed as least-square means ± SEM, n = 12. Different capital letters above the bars indicate significant differences (p < 0.05) at different time points of the same group and different small letters above the bars indicate significant differences (p < 0.05) between different experimental diets in the same time point. CON-TROL (0% red beet, 0% betaine), RB141 (14% red beet, 0.9% betaine), RB142 (14% red beet, 1.63% betaine), RB281 (28% red beet, 0.9% betaine), and RB282 (28% red beet, 1.63% betaine) are the different experimental diets
Lipid peroxidation
Before the stress challenge, no significant differences on MDA values were observed regardless of the diet (P > 0.05). Thirty minutes after the stress, fish fed with diet RB141 (14% RB and 0.9% betaine) showed a significant increase on MDA concentration. Although no significant differences were observed with the control group, lower MDA values were observed on fish fed at higher RB and betaine concentration (RB282, 28% RB and 1.63% betaine). Overtime the recovery period (6 and 12 h after the stress), no significant differences were observed regardless of the diet (Fig. 3) . Data showed that high RB concentrations (28% RB) did not produce an increase on MDA values; meanwhile, fish fed with the control diet and lower RB concentrations (14% RB) showed an impact on MDA values 30 min after the stress but recover basal levels after 12 h (Fig. 3) .
Discussion
Results of the present study showed that the incorporation of red beet and betaine on rainbow trout diets had a significant effect on fish under acute stress challenge responses and recovery. Differences between the used indicators and matrixes can be observed although their trend along the stress challenge was similar.
Basal cortisol plasma values (about 4 ng mL ) were similar to values reported by other authors (Tintos et al. 2006; Bertotto et al. 2010) confirming the state of no stress of the fish before the stress challenge. The cortisol levels increased significantly 30 min after the stress in all groups and regardless of the diet. An increase in plasma cortisol is well reported after various stress conditions in teleost species (Bertotto et al. 2010; Ming et al. 2012; Pérez-Jiménez et al. 2012) . Cortisol, together with the catecholamines, is involved in adaptive mechanisms developed by fish to maintain oxygen supply to the tissues under hypoxia situations (Pichavant et al. 2002) . However, in the present study, the higher values were recorded in fish fed diets containing red beet in comparison with the control diet suggesting that this ingredient did not enhance the tolerance of rainbow trout to a stress challenge although all groups recover with the same trend. On the other hand, fin cortisol levels showed a similar trend but it was not affected by the diet.
Nevertheless, fin cortisol levels were about 10 times lower than plasma cortisol values. These differences could be explained by the different diffusion rates in the various matrices even if the kinetics of the hormone in the various matrices should be betterunderstood (Bertotto et al. 2010) . Plasma and fin cortisol levels returned to control levels regardless of the diet 6 h after the exposure and remained low after 12 h. Similar results were observed by Sadoul et al. (2015) in rainbow trout submitted to stress confinement and by Fast et al. (2008) in Atlantic salmon after a heat-stress with recovery in 5-6 h.
Plasma glucose basal values were not affected by the inclusion of red beet and betaine. However, plasma lactate basal values were significantly affected by the inclusion of red beet and betaine. Significantly lower values were observed in fish fed with red beet and betaine compared to fish fed with the control diet. Plasma glucose and lactate levels increased after the stress since it has been verified that the increase of cortisol and catecholamines released by the perception of a stressor produces the mobilization of energy stores to provide metabolic fuel, usually in the form of glucose and lactate, to overcome a stress challenge (Ings et al. 2012) . In fish, it is generally accepted that catecholamines are mostly responsible for the increase of glycogenolysis while cortisol is believed to induce gluconeogenesis, and its role on promoting glycogenolysis, if any, is less clear (Janssens and Waterman 1988; Mommsen et al. 1999) . In this study, 30 min after the acute stress challenge, as expected, fish glucose plasma levels significantly increased compared with the basal levels, regardless of the diet. However, lactate basal values significantly increased, and surprisingly, fish fed with diets containing red beet and betaine showed significantly higher values than fish fed with the control diet. This suggests that these ingredients did not enhance the tolerance of rainbow trout to a stress challenge even though all fish recover basal levels in the same way regardless of the diet. At 6 h, the inclusion of red beet and betaine on diets had a significant effect on rainbow trout plasma glucose level recovery. Fish fed with diets containing red beet and betaine presented significantly higher glucose levels than fish fed with the control diet. Only fish fed the highest betaine and red beet concentration (diets RB142, RB281, and RB282) returned to basal values by 12 h, while fish fed with diets with 14% red beet and 0.9% betaine (diets RB141) maintained plasma glucose levels higher than the basal ones even after 12 h.
Overall, as it occurred with plasma cortisol values, higher values were recorded in fish fed diets containing red beet in comparison with those fed with the control diet.
The response dynamic of cortisol, glucose, and lactate levels as stress markers was as expected and similar to the results reported by several authors (Aluru and Vijayan 2006; Fast et al. 2008; Ming et al. 2012; Gesto et al. 2013 Gesto et al. , 2015 . However, for all parameters, it could be observed that red beet and betaine did not have an enhancing effect, although the recovery had a similar trend for every stress index.
Regarding lipid peroxidation levels, expressed as MDA, results showed that the inclusion of red beet and betaine did not significantly affect before the stress challenge. After the stress (30 min), red beet and betaine significantly affect MDA values. The stress had a significant effect on the control group and on fish fed with 14% RB, but all groups recovered basal values 12 h after the stress challenge. Oxidative stress is common under stressful conditions (Pérez-Jiménez et al. 2012 ). This oxidative stress produced free radicals that may attack polyunsaturated fatty acid producing lipid peroxidation (Chagas and Val 2006; Ming et al. 2012) and several studies reported an increase of lipid peroxidation under hypoxia (Lushchak et al. 2005; Pérez-Jiménez et al. 2012) . Interestingly and in accordance with the current results, Leveelahti et al. (2014) in a study on three fish species (the epaulet shark, threespine stickleback, and rainbow trout) exposed to hypoxia reported that in general, fish do not show an increase in redox-active antioxidant defense in response to oxidative stress associated with hypoxia. Rather, the changes in antioxidant defenses during hypoxia are very much specie-and tissue-specific and are not linked to the level of hypoxia tolerance of the fish species. It is well known that the response of MDA is very tissue-specific (Lushchak and Bagnyukova 2006) and depends on the type of stress.
Conclusions
In conclusion, results show that the inclusion of red beet and betaine on rainbow trout diets followed the normal pattern of any stress; an increase of cortisol, glucose, and lactate levels after the acute stress challenge followed by a decrease on these values after a recovery period. However, the inclusion of red beet and betaine did not enhance the tolerance to the acute stress challenge because no differences were observed compared to the control group. Soon after the stress challenge, MDA values showed significantly lower values on fish fed with 28% RB and 1.69% betaine than fish fed with 14% RB and 0.9% betaine. Also, high RB concentrations (28%) avoid the effect of stress on MDA after the stress challenge Fig. 3 Effect of red beet and betaine on MDA (nmol per g of tissue) of rainbow trout before the acute stress challenge (basal), 30 min after stress and 6 and 12 h after stress. Data were expressed as least-square means ± SEM, n = 12. Different capital letters above the bars indicate significant differences (p < 0.05) at different time points of the same group and different small letters above the bars indicate significant differences (p < 0.05) between different experimental diets in the same time point. CONTROL (0% red beet, 0% betaine), RB141 (14% red beet, 0.9% betaine), RB142 (14% red beet, 1.63% betaine), RB281 (28% red beet, 0.9% betaine), and RB282 (28% red beet, 1.63% betaine) are the different experimental diets (30 min), while fish fed with the control diet and lower RB concentrations (14%) suffered the effect of the stress. Although the level of ingredients is important, it could be also be added that this effect suggests a possible antioxidant effect of red beet and betaine but further studies should be done to confirm this effect of the ingredient.
